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INTRODUCTION
Recently, we reported that DL-glyceraldehyde inhibited the sickling of S/S erythrocytes in vitro (1) . This aldehyde reacts with hemoglobin S to produce a significant increase in the minimum gelling concentration of the deoxygenerated protein with minimal effects on the oxygen equilibrium parameters. In those studies we surveyed only morphological changes in Dr. Nigen's current address is University of Miami School of Medicine. Reprint requests can be addressed to Dr. Manning at The Rockefeller University.
Received for publication 21 July 1977 and in revised form 12 September 1977. the treated erythrocytes. In the present communication we present further studies on the effects of glyceraldehyde on hemoglobin and on some structural and functional properties of the erythrocyte.
METHODS
Whole blood from patients homozygous for sickle cell anemia was collected into heparinized tubes by venipuncture and was used within 48 h; informed consent was obtained in all cases. Crystalline DL-glyceraldehyde, sodium borohydride, dihydroxyacetone, methylglyoxal, glyceraldehyde-3-phosphate, D-and L-glyceraldehyde, and Dfructose were obtained from Sigma Chemical Co., St. Louis, Mo. D-Glucose was from J. T. Baker Chemical Co., Phillipsburg, N. J., D-ribose from Fluka, Basel, Switzerland, sucrose from Mallinckrodt Inc., St. Louis, Mo., and -erythrose from P-L Biochemicals, Inc., Milwaukee, Wis. D_['4C]Glyceraldehyde (10.5 mCi/mmol) was from New England Nuclear, Boston, Mass. All other chemicals were reagent grade.
In vitro sickling experiments. These experiments were carried out as described previously (1) .
Physical measurements. Oxygen dissociation curves of whole cells and of isolated hemoglobin, and the minimum gelling concentration of isolated hemoglobin, were determined as described previously (1, 2) . Viscosity measurements of whole cells were carried out at 37°C with a Harkness viscometer fitted with a 0.5-mm bore capillary (Coulter Electronics, Inc., Hialeah, Fla.); the shear rate for the experiments was >100/s (3) . Before the measurement of viscosity, erythrocytes were resuspended in phosphatebuffered saline (PBS),1 pH 7.4 (4) , to a hematocrit of 40%.
For measurement of the viscosity of deoxygenated samples, cells (2.0 ml) were equilibrated with water-saturated nitrogen in a chamber at 37°C for 30 min; a few grains of sodium dithionite were then added to ensure complete deoxygenation. After an additional 5 min of equilibration with nitrogen, the sample was transferred anaerobically to the viscometer. For measurement of the viscosity of oxygenated cells, equilibration was carried out at 37°C for 10 min before transfer to the viscometer. All values are reported as relative viscosity compared to water whose viscosity had been measured under the same conditions. Between four and five measurements were made with each 2.0-ml sample and the values were averaged.
In experiments where the deformability of erythrocytes IAbbreviations used in this paper: Hb, hemoglobin; PBS, phosphate-buffered saline; SDS, sodium dodecyl sulfate.
was measured by filtration through micropore filters, washed erythrocytes, either untreated or treated with glyceraldehyde, were resuspended at a concentration of 0.5% in PBS that contained 400 mg of bovine serum albumin/100 ml. For each determination, samples were first equilibrated with air or with a venous gas mixture (90.4% N2, 3.8% 02, 5.8% CO2) for 30 min at 37°C with stirring. Deoxygenated samples were transferred by positive pressure from the equilibration vessel through Saran tubing into a filtration vessel (15-ml glass vessel; Millipore Corp., Bedford, Mass.) that was jacketed at 37°C and also flushed with a venous gas mixture. On top of the fritted glass filter holder was a polycarbonate filter (Nuclepore Corp., Pleasanton, Calif.) (25 mm in diameter with 5-,um pores). A graduated cylinder was adapted for collection of the filtrate and for application of a partial vacuum of 9 cm of Hg by a water aspirator with an on-line regulator valve to attain the desired negative pressure. Filtration was initiated by opening a stopcock attached to a vacuum line and the time for filtration of all of the suspending medium was measured with a stopwatch. The filtered cells were then collected and centrifuged; the amount of lysis was determined by measurement at 540 nm of any hemoglobin in the supernatant solution and of the amount of hemoglobin in the packed erythrocytes.
Determinations of osmotic fragility were performed as described by Emerson et al. (5) . Samples were adjusted to a hematocrit of 40% before addition of the sodium chloride solution.
Gel electrophoresis. Sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis of isolated proteins was carried out as described by Weber and Osbom (6) with 7.5 or 10% cross-linked gels. The electrophoretic system used to study erythrocyte membrane proteins was similar to that described by Fairbanks et al. (7) (10) , exhibits no effect upon sickling, perhaps because it does not cross the erythrocyte membrane.
Studies on a number of other related compounds showed that sugars of chain length longer than glyceraldehyde such as D-erythrose, D-ribose, D-fructose, and D-glucose, all of which occur predominantly in the hemiacetal form, have no effect upon sickling at a concentration of 20 mM. Sucrose, a nonreducing disaccharide, is also ineffective at this concentration. Methylglyoxal has been shown to be formed slowly from glyceraldehyde in solution (11) , but treatment of erythrocytes with this compound resulted in cell lysis and oxidation of hemoglobin. Acetaldehyde had no effect upon erythrocyte sickling (data not shown).
To test whether glyceraldehyde could restore normal morphology to sickled cells in the deoxy state, erythrocytes were equilibrated for 30 min at 37°C with the venous gas mixture before anaerobic addition of glyceraldehyde and incubation for an additional 90 min. After fixation of the cells with formalin, the results shown in Table II were obtained. Clearly, 24 Oxygenated erythrocytes in PBS, pH 7.4, were incubated for 90 min at 37°C with the indicated compound at 20 mM concentration. After deoxygenation with the venous gas mixture (90.4% N2, 3.8%02, 5.8% C02) for 30 min, the cells were fixed with formalin. A sample not incubated with the venous gas mixture gave 79% normal cells. The percentage of normal cells was determined by two or three observers counting at least 500 cells with a phase contrast microscope at x860 magnification. To determine whether the observed changes in oxygen binding and minimum gelling concentration of HbS from erythrocytes treated with glyceraldehyde are due to modification by glyceraldehyde itself, or to a metabolic product of glyceraldehyde formed within the erythrocyte, we compared the properties of purified HbS that had been treated with glyceraldehyde to that of HbS isolated from cells that were treated with the compound; these results are summarized in Table IV . The extent of change in PO, Cells (0.1 ml) were suspended in 5 ml PBS, pH 7.3, at 370C and the oxygen dissociation curves were determined as described previously (1) . For treated cells, 20 mM glyceraldehyde was used for 90 min at 370C. The data for SS erythrocytes have been published previously as log values (1).
Fresh cells were used and the concentrations of 2,3-DPG were assumed to be normal. (Table  V) when consideration is given to the fact that the protein concentration within the erythrocyte is threefour times that of the plasma (13) . Glyceraldehyde also reacts with membrane proteins as discussed below.
After reaction oferythrocytes with 20 mM glyceraldehyde for 90 min at 37°C, approximately 2.0 glycerollysine residues per Hb tetramer were found (1) . Experiments with radioactive glyceraldehyde now indicate that an additional two groups of glyceraldehyde per molecule are incorporated into the protein. When the labeled hemoglobin was subjected to amino acid analysis after reduction with NaBH4 and acid hydrolysis, two major peaks of radioactivity were found, as determined with a scintillation flow cell attached (14), we investigated the molecular weight of the hemoglobin after treatment of erythrocytes with glyceraldehyde. As shown in Fig. 1 , hemoglobin that had been exposed to 50 mM glyceraldehyde shows the presence of a dimeric component which has been estimated by spectrophotometric scanning of the gels to be about 3% of the hemoglobin monomer (lower band); the amount of dimer is proportionally less with the 20-mM, 10-mM, and 5-mM glyceraldehyde concentrations. When the hemoglobin samples were reduced with NaBH4, the relative amounts of hemoglobin dimer were unchanged. Application of a large amount of hemoglobin to the gel (not shown) reveals the presence of small amounts of trimeric and tetrameric components with the higher concentrations of glyceraldehyde. The light band present in the untreated hemoglobin sample probably represents carbonic anhydrase (mol wt 31,000).
Myoglobin, ribonuclease, and the a-chain of hemoglobin, all monomeric proteins, do not appear to undergo cross-linking with glyceraldehyde under these experimental conditions (Fig. 2) FIGURE 2 SDS gels of protein untreated and treated with glyceraldehyde. The proteins were suspended in PBS, pH 7.3, at a concentration of 2 mg/ml and were treated with 0.1 M glyceraldehyde for 90 min at 37°C. After exhaustive dialysis 100 ,ug of protein was electrophoresed in 10% cross-linked gels as described in Methods.
proximity of subunits in the hemoglobin tetramer facilitates the cross-linking reaction.
The effect of glyceraldehyde on erythrocyte membrane proteins is shown in Fig. 3 ; the numbering system is that of Fairbanks et al. (7) . The most obvious change is the formation of high molecular weight material at the top of the gels for the sample treated with 20 mM glyceraldehyde. The presence of this new band taken together with loss of some material in bands 1 and 2.1 indicates some polymerization of spectrin. There are other changes in the gel profiles, but they do not appear to be the result of cross-linking. For example, band 6 represents glyceraldehyde-3-phosphate dehydrogenase, a protein that has been shown to be loosely associated with the erythrocyte membrane (15) . This protein has been shown to dissociate from the membrane in the presence of metabolic intermediates such as NAD (15) . Further investigation will be necessary to determine whether the activity of this enzyme or other enzymes in the erythrocyte membrane have been altered by treatment with glyceraldehyde. The heavy band near the bottom of the gels represents hemoglobin monomer which, at higher concentrations of the aldehyde, becomes increasingly difficult to wash free from the membrane; near the position of band 7 dimeric hemoglobin chains are also apparent with the high concentrations of glyceraldehyde. 
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FIGURE 3 SDS gels of membrane proteins from erythrocytes treated with DL-glyceraldehyde. Erythrocytes were incubated as described in the legend of Fig. 1 and the membranes were isolated and electrophoresed (100 ,ug) in 5% cross-linked gels as described by Fairbanks et al. (7) .
than Coomassie Blue, show that the major glycoprotein of the erythrocyte membrane is unaffected by treatment with glyceraldehyde.
Since aldehydes are known to form adducts with -SH groups, we have investigated the possible interaction of glyceraldehyde with erythrocyte glutathione (Fig. 4) . There is a marked reduction in the amounts of reduced glutathione in the presence of increasing concentrations of glyceraldehyde. In addition the adduct appears to be fairly stable since washing of the cells after treatment with glyceraldehyde but before determination of glutathione did not regenerate the reduced form of the metabolite.
Effect of glyceraldehyde on erythrocyte properties. The effects of glyceraldehyde upon the membrane proteins described above prompted an investigation of the physiological properties of the erythrocyte which might be impaired by any cross-linking in the membrane. Figs. 5 and 6 show the curves of osmotic fragility for sickle and normal cells, respectively, that had been treated with varying concentrations of the aldehyde. For sickle cells, there is a very slight decrease in osmotic fragility with increasing concentra- tions of the aldehyde. Thus, after treatment of cells with 20 mM glyceraldehyde, the osmotic fragility curves fall within what would be considered the standard range for sickle cells (16, 17) . For normal cells, a similar effect was observed. At high concentrations of the aldehyde (>50 mM) it became difficult to lyse the cells.
The effect of glyceraldehyde on erythrocyte deformability and viscosity. At atmospheric pressure deoxygenated sickle erythrocytes did not pass through a 5-,um Nucleopore filter. After treatment with glyceraldehyde, some of the cells passed through the filter but clogging soon occurred and filtration ceased. Therefore, it was difficult to quantitate the effect of glyceraldehyde on erythrocyte deformability at atmospheric pressure. We elected to carry out these studies at negative pressures that would permit determination of the time for passage of all of the liquid in which the cells were suspended, whether or not all Fig. 7 . These experiments were carried out at a high shear rate where viscosity measurements should reflect changes in cell deformability under certain physiological conditions (19) . Oxygenated normal cells show a small increase in viscosity with increasing concentrations of the aldehyde; these results are consistent with the interpretations of the data from the osmotic fragility experiments described above. NaCI, g/ 100 ml (20) and with glyceraldehyde (1) during in vitro studies.
DISCUSSION
The selection of DL-glyceraldehyde for study as a potential antisickling agent was based upon observations on the specificity of aldehydes such as pyridoxal phosphate (21), pyridoxal sulfate (21), and glucose (22) (23) (24) for the NH2-terminal residues of hemoglobin and the increased solubility of deoxy HbS carbamylated at the NH2-terminal residues (2). However, although glyceraldehyde effectively inhibited the sickling of SS erythrocytes, the initial studies showed that reaction at the NH2-terminal residues was negligible but that lysine residues were a major site of reaction (1) . We (1) . Amino acid analysis of the reduced and acid hydrolyzed protein modified with labeled glyceraldehyde shows two major peaks of radioactivity, neither of which corresponds to the elution position of glycerolvaline. One peak of radioactivity elutes in the position of glycerollysine and the other component(s) elutes in the position of free glyceraldehyde. Since unbound glyceraldehyde had been removed from the samples before acid hydrolysis, the latter peak is probably due to hydrolysis of an acid-labile adduct whose identification is presently under study. The identical effects of the D-and L-isomers of glyceraldehyde on the morphology of sickle-cell erythrocytes indicates that it is simply the reactivity of the free aldehyde group rather than the stereochemistry of the compound that determines its antisickling effect. In addition, the morphological studies that were initially carried out with DL-glyceraldehyde can now be compared with confidence to the radioisotope experiments with labeled D-glyceraldehyde in the present study.
Among the sugars studied at a concentration of 20 mM, glyceraldehyde is the most efficient antisickling agent in vitro. All of the longer chain sugars had no effect upon sickling, probably due to their much lower reactivity, since they occur predominantly in the ring conformation. Recently Abdella et al. (25) DL-glyceraldehyde , mM 50 FIGURE 7 Relative viscosity of erythrocytes after incubation with DL-glyceraldehyde. Erythrocytes were incubated for 90 minutes at 37°C with DL-glyceraldehyde and then washed three times with PBS. The hematocrits were adjusted to 40% and the relative viscosity was determined at 37°C as described in Methods; average of four-five determinations, deviation +5%.
reported that glycosylation of isolated HbS by reducing sugars (i.e., glucose or galactose) increases the minimum gelling concentration of deoxy HbS but a concentration of about 300 mM was used to achieve that effect in vitro. We have begun to investigate possible deleterious effects of glyceraldehyde upon erythrocyte structure and function. For oxygenated normal and sickle erythrocytes the decrease in osmotic fragility and the increase in viscosity with increasing concentrations of glyceraldehyde are slight. For the experiments on viscosity, the measurements were carried out at a 40% hematocrit so that any small differences due to treatment with glyceraldehyde could be detected. However, since most sickle-cell anemia patients have hematocrits below 30%, it would be expected that the differences observed would be even less at the lower hematocrit. The finding that the viscosity of deoxygenated SS erythrocytes decreases with increasing concentrations of glyceraldehyde is indicative of an improved deformability of the sickle erythrocyte and is consistent with the morphological findings on the greater percentage of normal cells after incubation with the aldehyde.
The loss of reduced glutathione after reaction with glyceraldehyde is consistent with the findings of van Heyningen (26) . She observed a reduction in glutathione after treatment of lens extracts with glyceraldehyde and she obtained three separate products on thin layer chromatograms; these products were not identified. It will be important to determine whether the treated cell given the proper metabolites can regenerate its supply of glutathione.
Glyceraldehyde does not improve the morphology of cells already sickled. This finding could indicate that an amino acid residue whose reactivity with glyceraldehyde is essential for the antisickling effect may not be available for reaction within the deoxy HbS aggregate. Alternatively, the aldehyde may crosslink the membrane in the sickled state in such a way as to preclude formation of biconcave disks. Crosslinking of proteins with monofunctional aldehydes has been observed previously (27) and, in fact, high concentrations of acetaldehyde have been shown to produce erythrocytes with stiffened membranes (28, 29) . However, the degree of cross-linking of HbS by glyceraldehyde (less than 3%) and the amount of cross-linking in the membrane would appear to be too small to account for the morphological changes in sickle erythrocytes as well as for the increase in the minimum gelling concentration of deoxyhemoglobin S. Further studies with aldehydes that inhibit sickling but do not lead to cross-linking may help resolve these questions on the mechanism of action of glyceraldehyde.
With respect to the potential application of glyceraldehyde in the treatment of sickle-cell disease, there is already considerable literature on its pharmacology. Thus, the mean lethal dose of DL-glyceraldehyde injected intraperitoneally into mice has been reported to be about 3 g/kg (30, 31) . However, experiments in animals to determine the effect of glyceraldehyde on the circulating erythrocyte are necessary before consideration of any clinical studies.
Comparison ofthe modes ofaction of sodium cyanate (20) and of glyceraldehyde in their inhibition of erythrocyte sickling is of interest. Under physiological conditions, the former compound acts principally by shifting the oxygen equilibrium of carbamylated hemoglobin S into the range of hemoglobin A (2, 32, 33) . Glyceraldehyde, on the other hand, directly reduces the polymerization of deoxyhemoglobin S. Thus, the action of both compounds is complementary in modulating the aberrant properties of an abnormal gene product, HbS.
